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an Ar and low O 2 atmosphere, exhibited high catalytic activity and energy conversion efficiency. The highest efficiency achieved here for DSSCs with WO 3-x counter electrodes, was 5.25%, obtained from a 500 o C annealed tungsten sheet. TEM and XPS analysis suggested the formation of sub-stoichiometric tungsten oxide layer (~WO 2.6 Keywords : substoichiometric tungsten oxide, counter electrode, dye-sensitized solar cell
Introduction
The counter electrode (CE) is regarded as one of the most important components of dye-sensitized solar cells (DSSCs) since it acts as the electron collector from the external circuit and facilitates the reduction reaction of tri-iodide ions ( ) [1] . In addition, high catalytic activity and high electrical conductivity are required for a good catalyst for DSSCs.
Pt is a catalyst typically used in DSSCs. However, it is costly, rare and is readily corroded by an iodide electrolyte [2] . Identifying and developing alternative materials to substitute for Pt in the CE of DSSCs is a crucial challenge and success could reduce production costs sufficiently to increase the use of DSSCs. Candidate materials already proposed as replacements for Pt CEs include carbon materials [3] , CoS [4] , TiN [5] and conductive polymers [6] . Recently, tungsten carbide (WC) [7] and tungsten oxide (WO x ) [8] have been introduced as CEs and have exhibited good catalytic performance.
Wu et al. reported that the use of WO 2 nanorods embedded in mesoporous carbon (MC) as the counter electrode in DSSCs generated a conversion efficiency as high as 7.76%, which is higher than that of a Pt DSSC, 7.55% [9] . This was attributed to a combination of the excellent conductivity of carbon and the high catalytic activity of WO 2 . Tungsten trioxide (WO 3 ) or stoichiometric tungsten oxide and substoichiometric tungsten oxide (WO 3−x ) 3 nanostructures have also been intensively investigated for a wide range of applications including photocatalysis [10] [11] [12] , electrochromic devices [13] , gas sensors [14] and DSSC photoanodes [15] . The crystal structure of WO 3 is based on corner-sharing WO 6 octahedra [16] . Non-stoichiometric tungsten trioxide (WO 3-x , where 0 < x ≤ 1), which is oxygen deficient, contains tungsten in a number of differing formal oxidation states. It has been reported that a slight deficit of oxygen i.e. x = 1/6 is more energetically stable in standard atmospheric conditions than stoichiometric WO 3 [17] . Stoichiometric WO 3 is a wide band gap semiconductor ranging from 2.6 -3.0 eV [13, 18] , with a conductivity that increases with increasing oxygen deficiency [13] .
Tungsten oxides can be synthesized by many different routes including vapor phase techniques such as physical vapor deposition (PVD) [19] including thermal evaporation [20] , chemical vapor deposition (CVD) [21] or liquid phase methods such as sol-gel and hydrothermal techniques [22] . 
Cell assembly
DSSCs were assembled using the pure tungsten or annealed tungsten foils as counter electrodes, TiO 2 -coated dye-sensitizer films on Fluorine Tin Oxide (FTO, sheet resistance 7 Ω/sq, Solaronix, USA)) were used for the working electrodes, and an solution was used as the electrolyte. The working electrodes were prepared using a screen printing method as previously reported [25] using commercial TiO 2 powders: PST-18NR and PST-400C (JGC Catalysts and Chemicals Company, Japan). The TiO 2 films were sintered at 500 °C for 1 hour, and treated with UV radiation for 10 min and then immersed into a 0.3 mM cis-bis- 
Film characterization
The morphology and structure of the pure (unannealed) and annealed tungsten sheets were characterized using transmission electron microscopy (TEM) (FEI Tecnai G2 20, LaB 6 filament, operating at 200 kV) and X-ray photoelectron spectroscopy (XPS) (AXIS-His, Kratos Analytical with aluminum K-alpha X-ray source (1486.71 eV, 150W). The XPS spectra were fitted with asymmetric mixed Gaussian-Lorentzian sum functions using the XPS peak fitting programme XPSpeak (version 4.0). XPS analyses were undertaken on the bulk structures of the as-prepared tungsten sheets. TEM samples were prepared by scratching off the film surface, the particles being dispersed in ethanol and dropped onto TEM grids.
The electrode catalytic activity was measured using Cyclic Voltammetry (CV, Gamry Instrument Reference 3000, U.S.A) with a three-compartment cell at a scan rate of 20 mV/s in solutions of 10 mM LiI, 1 mM I 2 , and 0.1 M LiClO 4 in acetonitrile. A Pt plate and an Ag/AgCl electrode were used as a counter electrode and a reference electrode, respectively.
The DSSC characteristics were analyzed using a solar simulator (PEC-L11, Japan) under an air mass of 1.5 and a light intensity of 100 mW/cm 2 . The impedance of the symmetricelectrode cells was measured using Electrochemical Impedance Spectroscopy (EIS, Gamry Instrument Reference 3000, U.S.A.) under dark conditions by varying the frequency from 0.1
Hz to 100,000 Hz at an AC amplitude of 10 mV. contents were at the highest in the pure W (10 and 20 % respectively) and gradually decreased with the rising annealing temperature (to 4 and 11 % respectively at 600 o C),
suggesting a shift to a more stoichiometric WO 3-x oxide layer. Table 1 The fitted peak area as a percentage of the total 4f 7 Table 2 Summary of J sc , V oc , FF, , R s , R ct , V red (1), I red (1), V red (2) and I red (2) values for the tungsten CE DSSC devices annealed at the various temperatures and compared to that of a Pt CE DSSC.
To explain the observed variation in efficiency, electrochemical impedance spectroscopy (EIS) was undertaken on symmetric-electrode cell, CE||electrolyte||CE, as shown in Fig. 3(b) . The impedance spectra were fitted according to the equivalent circuit in Fig. 3(c) . In the figure, R s , R ct and C represent series resistance, charge-transfer resistance and interface capacitance of the electrodes, respectively. Z w represents the Nernst diffusion impedance in the electrolyte. Electrodes with large impedance values (i.e. large R s and R ct )
indicate an inferior conductivity and electrocatalytic activity, consequently suppressing the solar cell performance [34] . The impedance of the symmetric-pure and the symmetric- 
Reduction at the counter electrode surface is [36] . This is consistent with our findings of an inferior energy conversion efficiency for the 600 o C annealed tungsten CE DSSC which is attributed to the absence of W 4+ observed by XPS [ Fig. 2 ]. This implies that the superior energy conversion efficiency of the WO 3-x CE DSSC is due to an improved electrical conductivity resulting from increased oxygen vacancies in the structure [37] . The high electric conductivity of the annealed tungsten sheet at 500 o C can be explained by a small polaron hopping conduction mechanism that is known to operate in WO 3 [38] . S.K. Deb [39] presented a polaronic model to explain the coloring mechanism in WO 3-x , which is consistent with the electrical conductivity mechanism established for WO 3 . (Tables 1 and 2 ). 
Conclusions
High performance WO 
